Retinal ganglion cells (RGCs) apoptosis and their axon degeneration are pivotal features in glaucoma. Previous studies suggest that the process of RGCs soma degeneration is distinct from axon degeneration and that both of them lead to vision loss but separately. However, since a normal visual function relies on the integrity of axon, synapse and soma in the retina, a comprehensive understanding of the changes of these neuron components in glaucoma is desired. Therefore, in an acute ocular hypertension (AOH) model in mice, we systematically evaluated retinal neuron soma, axon and synapse alteration at certain time points. We found that ocular hypertension led to a progressive apoptosis of retinal neural cells which proceeded from peripheral to central retina in the wholemount, meanwhile, started in the ganglion cell layer (GCL) and spread to the inner nuclear layer (INL) and then the outer nuclear layer (ONL) as time went on. The type of apoptotic cells was identified as RGCs in GCL, amacrine cells in INL and cone photoreceptor cells in ONL. Axon degeneration was observed at the same time as soma degenerated and also progressed from peripheral to central retina. More interestingly, accumulation of neurofilament in the soma caused by axon transport failure was detected synchronously. We also found that presynaptic and postsynaptic vesicle proteins were downregulated. Taken together, these data support a view that retinal neuronal apoptosis happens not only in RGCs, but also other neurons in laminar layers. Axon damage and synapse loss occur synchronously with soma loss in AOH. The combination of these three parameters might facilitate a systematic evaluation of the disease progression and treatment strategies in glaucoma.
Introduction
Glaucoma is the leading cause of blindness worldwide. The progressive degeneration of retinal ganglion cells (RGCs) and their axons with concomitant visual field defects has been the classic definition of glaucoma (Jonas et al., 2017; Weinreb et al., 2014) . While the exact pathogenesis of glaucoma still remains unclear, it is widely held that, as the major risk factor, increased intraocular pressure(IOP)would cause visual field loss (Heijl et al., 2002; Tham et al., 2014) . In the clinic, IOP and visual field have also been accepted as two major monitoring indicators, although neither of them is enough to reflect the progression and prognosis of the disease. Thus, a deep understanding in glaucoma is required.
Visual field defect is believed to be caused by RGCs loss, so substantial effort has been made to focus on the apoptosis of RGCs. Previous studies suggest that RGCs apoptosis is an early event responsible for vision loss Soto et al., 2008; Vidal-Sanz et al., 2012) . However, apoptosis is not the only progress that is initiated in glaucoma. A group of evidences show that axon degeneration also significantly causes dysfunction of vision, in the absence of neural soma apoptosis (Kanamori et al., 2012; Rovere et al., 2015; Wilson et al., 2016) . Actually in various neurodegenerative diseases, axons, dendrites and synapses often degenerate besides soma loss (Adalbert and Coleman, 2013; Conforti et al., 2014) . Since normal visual signal input is collected by synapses and output is distributed from cell body via long axons, a comprehensive study of changes in all neuronal components is desired. Therefore, we hypothesize that damage to each component of neurons may contribute to the pathogenesis of glaucoma.
In this study, we evaluated the soma, axon, and synapse defects at different time points in an acute ocular hypertension model. We found that elevated IOP not only resulted in various neural apoptosis but also axon loss, neurofilament accumulation and synapse loss. These findings provide a systematic understanding of the pathogenesis of glaucoma.
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Materials and methods

Animals and acute ocular hypertension glaucomatous model
A total of 75 adult female C57BL/6J (6-8wks) mice (Vital River, China) were used. All animal experiments were in accordance with the National Institutes of Health guide for the Care and Use of Laboratory animals approved by the Institutional Animal Care and Use Committee of Zhongshan Ophthalmic Center. An acute ocular hypertension (AOH) model was established as described (Zhang et al., 2017 ). Mice were anaesthetized by i.p. injection of chloral hydrate. The corneas were topically anaesthetized with 0.5% tetracaine hydrochloride, and the pupils were dilated with 1% tropicamide. Then, the anterior chamber of the right eye was cannulated with a 30-gauge needle connected to a normal saline reservoir, which was elevated to 80 cm H 2 O (60 mmHg) for 2 hours. Retinas were then harvested 2 hours, 4 hours, 6 hours, 12 hours, 1day, or 3 days after AOH. Eyes of the sham control group were cannulated for the same amount of time without increasing the pressure.
Tissue preparation
For retinal sections, whole eye balls were enucleated at certain time point after AOH, the cornea and lenses were removed, and the eye cups were fixed in 4% paraformaldehyde for 30 min. Next, the fixed tissues were dehydrated in 20% sucrose overnight, embedded in Optimal Cutting Temperature (OCT, Tissue-Tek, USA), then 15-mm cryostat sections were cut through the retina. To harvest the wholemount retinas, mice were transcardially perfused with cold saline followed by 4% paraformaldehyde for 30 min. Their eyes were enucleated, cornea and lenses were removed, and the eye cups were post fixed in 4% PFA for 10 min. Retinas were then dissected out from the eye cups for further study.
Immunofluorescence
Immunofluorescence (IF) was performed on retinal wholemounts and cryostat sections of the eye cups. Both tissue samples were permeabilized in 0.5% Triton-X-100 for 15 min, blocked in 5% donkey serum for 1 h at room temperature (RT), and incubated overnight at 4°C with primary antibody, which was followed by an incubation with an Alexa Fluor labeled secondary antibody (Cell Signaling Technology, Beverly, MA) for 1 h at RT after 3 washes with PBS. Tissue was lastly incubated with 4',6-Diamidino-2 phenylindol dihydroclorid (DAPI; 1:2000, Vienna, Austria) for 5 min at RT. Primary antibodies against Neurofilament-H (1:1000, Millipore, Germany), Brn3a (1:200, Millipore, Germany), NeuN (1:500, Millipore, Germany), GlyT-1 (1:1000, Millipore, Germany), Calbindin-D-28k (1:500, R & D, USA), Cone arrestin and Red/Green opsin (1:200, Millipore, Germany), Parvalbumin (1:500, Novus, USA), GFAP (1:1000, Millipore, Germany), Iba1 (1:200; Wako, Japan), PKCα (1:1000, Millipore, Germany), Vimentin (1:500, Novus, USA), Rhodopsin (1:200, Millipore, Germany), Synaptic Vesicle 2 (1:500, DSHB, USA) or PSD-95 (1:1000, Millipore, Germany) were used for IF staining. All samples were lastly examined under a confocal microscope (LSM710; Carl Zeiss, Germany).
TUNEL staining
TUNEL staining was performed according to the following procedures. Briefly, whole-mount retinas or cryostat sections were permeabilized as introduced above and incubated with TUNEL reaction mixture for 60 min at 37°C (In situ Cell Death Detection kit, Roche Applied Science, USA). After PBS wash, the samples were incubated in 0.1% DAPI for 5 min followed by washing in PBS. The TUNEL positive cells spatial distribution in every analyzed retina was evident from the wholemount images obtained from three representative eccentricities described in section 2.6 (schematic showed in Fig. 3A) .
Western blot
Retinas at certain time points were homogenized in RIPA lysis buffer(Millipore, Germany). Then retina homogenates were separated on SDS-PAGE and electroblotted onto a PVDF membrane (Bio-Rad, USA). Primary antibodies against neurofilament-H, M, or L (1:1000, Millipore, Germany), Synaptic Vesicle 2 (1:500, DSHB, USA) or PSD-95 (1:1000, Millipore, Germany) followed by incubation with a HRPconjugated secondary antibody. Bound antibodies were visualized using an immobilon western chemiluminescent HRP substrate (Millipore, Germany) and G-BOX (Syngene, USA) image capture system. Relative protein expression level was measured by calculating the band density with ImageJ software (NIH, USA), followed by normalization to β-actin loading control.
Quantitative and morphological evaluation of axon degeneration
To quantify axon degeneration, wholemount retinas at certain time point after AOH were stained with the axon marker Neurofilament-H antibody. The wholemount was dissected into four quadrants. Axon number was manually counted for evaluating axon degeneration, retinal areas used for axon number measurements and morphological analysis were located at three different eccentricities away from the optic disk in each quadrant (schematic showed in Fig. 3A ): central (0.5 mm), middle (2 mm) and peripheral (4 mm). Four frames, with one (425 × 425 μm) located in each quadrant, were chosen for analysis for each eccentric area. 12 images per treated as well as control retinal wholemount preparations of each group were included in the statistical analysis (control n = 5, 4hr n = 5, 6hr n = 5, 12hr n = 5, 3d n = 5).
Morphological changes of axon degeneration were also quantitatively evaluated by counting the number of soma neurofilamment accumulation in the same retina areas mentioned above. The numbers of soma neurofilamment accumulation were counted in a masked fashion. Briefly, all images including treated and control groups were edited using Adobe Photoshop, every frame was examined at high magnification, and each neurofilamment positive soma was marked with a dot indicating the detailed number. In order to validate the reproducibility of axon number and soma neurofilamment accumulation, two different masked observers repeated the measurement, which showed good repeatability and reproducibility.
Anterograde axon transport measurement
Anterograde axonal transport capabilities of RGCs were evaluated with cholera toxin beta-subunit (CTB) conjugated to Alexa Fluor-488 (10 μg/μl, BrainVTA, China), as previously described (Crish et al., 2010; Echevarria et al., 2017; Nuschke et al., 2015) . Firstly, acute ocular hypertension (AOH) was performed in mice for 2 h as described above. After 6 h, mice (n = 6) were given a 2 μl intravitreal injection of CTB using a 30 gauge needle attached to a Hamilton syringe under 2.5% isoflurane anesthesia. Two days after CTB injection, mice were transcardially perfused with 4% PFA in PBS solution and brains were removed. The whole brains were dehydrated in 30% sucrose overnight, embedded in OCT, then 50 μm sections were obtained through the superior colliculus (SC). CTB signal in each section was photographed using a Nikon Eclipse Ti inverted microscope (Nikon Instruments, Melville, NY). CTB intensity was quantified using ImageJ software, briefly, the SC from each section was outlined and CTB signal above background was divided by total pixel area to determine the volume of SC with CTB labeling.
Quantitative evaluation of synaptic protein intensity on retinal cryostat sections
Quantitative analysis of synaptic protein intensity on retinal cryostat sections was referred as the methods of immunofluorescence intensity measurement described before (Balaratnasingam et al., 2010) . Briefly, the optic disc in each section was used as a reference point (0 μm). The mean pixel intensity of the synaptic vesicle was determined at 200 μm intervals, commencing at the optic disc and extending into the peripheral retina. The dimension of the region of interest (ROI) used for pixel intensity measurements was adjusted so that it corresponded to the thickness of two plexiform layers. Six regions, with three located at one side of optic disc in the section, were choose for analysis. Mean pixel intensity within each ROI was measured and normalized by ImageJ (NIH, USA). Briefly, images were transformed into 8-bit, then calibrate of each images was switched to uncalibrate OD, parameter including integrated density, area, limit to threshold were set for measurement, lastly average density (integrated density/area) were calculated for evaluating synaptic protein intensity. For our quantitative study, the number of analyzed retinas was: control (n = 5); 6hr (n = 5); 12hr (n = 5); 3d (n = 5).
Statistical analysis
Data obtained in all experiments were presented as the mean ± standard deviation (SD). Kolmogorov-Smirnov testing and variance homogeneity test were performed on all data before analysis, to determine whether data were normally distributed and equal variances. If the data was normally distributed and equal variances, comparisons of different groups were statistically analyzed by using a one-way analysis of variance (ANOVA) followed by a Dunnett' s test to compare all treatment groups versus the control group. Otherwise, it was analyzed using Kruskal-Wallis analysis followed by Dunn-Bonferroni post-hoc method to compare all treatment groups versus the control group.
Results
Time and spatial dependent neuronal apoptosis in acute ocular hypertension
To detect apoptosis induced by ocular hypertension, the retinal wholemount and sections were stained by TUNEL at 4, 6, 12 h or 1, 3 days after AOH. Three representative eccentricities including peripheral, middle and central in each retinal wholemount quadrants were selected for analyzing apoptosis cells spatial distribution. In the retina wholemount, TUNEL positive cells firstly appeared in the peripheral retina as early as 6 h after AOH (Fig. 1A , the third column), then were detected in the middle retina 12 h after AOH induction (Fig. 1A , the forth column), ultimately they progressed from peripheral to central retina at 3 days (Fig. 1A , the last column). In retinal sections, soma apoptosis was firstly detected in the ganglion cells layer (GCL) at 6 h ( Fig. 1B) , and then were observed to spread outward to the inner nuclear layer (INL) at 12 h ( Fig. 1C ) and the outer nuclear layer (ONL) at 1 day (Fig. 1D) . A few of apoptotic cells were still remained in the ONL (Fig. 1E ) at 3days. Taken together, neuronal apoptosis in AOH is found to follow a time/spatial distribution that proceeds from peripheral to central retina over time, and neurons in all three major laminar retinal nuclear layers are induced to apoptosis.
Apoptotic cells were identified as not only RGCs but also amacrine cells and photoreceptor cells
After the detection of neuronal apoptosis in GCL, INL and ONL induced by AOH, we determined to examine the cell types of these apoptotic cells. In the GCL, in addition to RGCs serving as the main neuronal population, amacrine cells occupy a large proportion. Within the inner nuclear layer, a substantial number of retinal interneurons including amacrine cells and horizontal cells contact with bipolar cells (Masland, 2012; Morgan and Wong, 1995) . In the ONL, rod and cone photoreceptor cells exist as a main population. Furthermore, the cellular components of the retina also compose of three different glia cells including Müller cells, astrocyte and microglial. To identify the types of apoptotic cells, antibodies against different cell markers were applied. Brn3a and NeuN have been used as markers for RGCs (Badea et al., 2009; Buckingham et al., 2008) . We adopted Glycine transporter 1(GlyT-1) and Parvalbumin as markers for amacrine cells and Calbidin-D-28k for both retinal interneurons (Haverkamp and Wassle, 2000) . Rhodopsin, cone arrestin and red/green opsin were used as markers for rod and cone photoreceptors (Ortin-Martinez et al., 2015) . We also used antibody PKCα for bipolar cells marker, and antibodies including Vimentin, GFAP, Iba1 for Mόller cells, astrocyte and microglial cells marker respectively.
Immunofluorescence staining of sections at 6 h after AOH showed that most of the TUNEL positive cells in the GCL were co-labeled with Brn3a ( Fig. 2A, Fig. 2B , inset) and NeuN ( Fig. 2C and D, inset) . However, there were still some TUNEL cells not co-labeled ( Fig. 2A and C, asterisks). We then checked if Calbidin-D-28k was expressed in these TUNEL cells. It came out that a few of TUNEL positive cells at 24 h in the GCL overlapped Calbidin-D-28k ( Fig. 2E and F, inset), which has been found to label most of the cholinergic amacrine cells in the GCL (Silke Haverkamp, 2000) . Next, we tried GlyT-1, PKCα with TUNEL costaining in the sections of 12 h after AOH. GlyT-1 used for labeling glycinergic types of amacrine cells in the INL (Silke , was found to overlap with most of TUNEL positive cells located in the INL ( Fig. 2G and H, inset) . No PKCαpositive cells in the INL were colabeled with TUNEL cells (supplement Fig. 2G and 2H ). So it suggests here that cholinergic and glycinergic types of amacrine cells are the prominent apoptotic cells in AOH. At 3 days after AOH, a few of TUNEL positive cells in the ONL were found to be co-stained with cone arrestin (Fig. 2I and J, inset) and red/green opsin (Fig. 2K , L, inset), indicating these cone photoreceptors were damaged. We did not find any co-labeling of TUNEL with rhodopsin (supplement Fig. 2K, 2L) . Moreover, there were no apparent colocalization of TUNEL staining with Müller cells marker Vimentin (supplement Fig. 2C and 2D ), astrocytic marker GFAP (supplement Fig. 2E and 2F ) and microglial cells marker Iba1 (supplement Fig. 2I and 2J ). Taken together, the double IF staining presented here shows that besides RGCs, amacrine cells and cone photoreceptors are also major apoptotic cell types in AOH.
Time and spatial dependent axon degeneration induced by acute ocular hypertension
Neurofilaments (NF) represent the main cytoskeletal proteins in mature neurons and are responsible for regulating axonal function. NFs are composed of three subunits, classified according to their molecular weight into high (H), medium (M) and low (L) (Hoffman and Lasek, 1975) . Abnormal organization and/or metabolism of NF, especially phosphorylation NF-H, have been considered as surrogate markers for axon degeneration (Balaratnasingam et al., 2010; Kang et al., 2014; Petzold, 2005) . To investigate axon density change over time, neurofilament (NF-H) staining of retinal wholemount was assessed 4 h, 6 h, 12 h, and 3days after AOH. Axon number was evaluated as an indicator of axon density. In normal retinas axon number varies at different sites and decreases from central to peripheral regions. Considering the regional difference, central, middle and peripheral eccentricities away from the optic disk in each retinal quadrant were selected as representative regions for analysis (schematic showed in Fig. 3A) . In control eyes, axon number declined from the highest in central retina (mean:70 ± 6 axon, per frame), to middle (mean:53 ± 6 axon, per frame) and peripheral retina (mean:39 ± 4 axon, per frame; Fig. 3B and C the first column). No obvious changes of axon density were observed at 4 h after AOH (Fig. 3B and C the second column) . However, at 6 h, axon number in the peripheral retina reduced almost 37% (p < 0.001, Fig. 3B and C the third column). The degeneration continued to progress from peripheral (40%, p < 0.001, Fig. 3B and C the fourth column) to middle retina (30%, p < 0.001, Fig. 3B and C the fourth column) at 12 h. After 3 days, axon density in the central retina also decreased significantly (20%, p < 0.001, Fig. 3B and C the last column). These data indicate that axon degenerates from peripheral to central retina after AOH.
Neurofilament accumulates in somas because of axon transport failure during ocular hypertension
More strikingly, we found a large number of abnormal neurofilament expression patterns formed in the same place of axon degeneration and appeared spontaneously as axons began to degenerate (Fig. 3C,  arrows) . Former study in an optic nerve injury model has revealed aberrant NF-H phosphoforms expression ranging from intra-axonal deposits to accumulations within the RGCs bodies (Parrilla-Reverter et al., 2009) . Abnormal neurofilament expression patterns observed in our data were shaped like rosary-beads and small plaque (Fig. 3C) . We reasoned that it could be due to neurofilament accumulation in the soma caused by failure of axon transport. In a much more detailed analysis of retinal wholemount under higher magnification, neurofilament plaques were observed to be protein accumulation in soma (Fig. 4A, arrows) . Much more interestingly, almost all neurofilament accumulations were not co-labeled with TUNEL positive cells (Fig. 4A) . Then, a time/spatial analysis of somatic neurofilament accumulation was also performed in the retinal wholemount. Our quantitative analysis suggested that number of soma NF accumulation firstly increased in the peripheral retina at 6 h after AOH (22 ± 5 VS control 8 ± 3, p < 0.001), then it continued to expand from peripheral retina to middle retina at 12 h (13 ± 4 VS control 3 ± 2, p < 0.001), growing number of somatic NF accumulation eventually spread into the central retina at 3 days after AOH (19 ± 4 VS control 1 ± 1, p < 0.001) (Figs. 3C and 4B scatter diagram). To consolidate the evidences of neurofilament accumulation, neufilament expression including heavy, medium and light chains was checked at different time points. In contrary to axon density decrease, a significant increase of neurofilament expression especially the heavy chain was detected as early as 6 h (Fig. 4C ). Compared to that in control, neurofilament heavy chain expression increased about 38.8%, 50.5%, 71.35% respectively for three time points calculated (p = 0.006, p < 0.001, p < 0.001, Fig. 4D ). The light chain did not increase until 3 days (p < 0.001, Fig. 4C and  D) . No apparent change of neurofilament medium chain was observed (Fig. 4C) .
To clarify whether somatic neurofilament accumulation was caused by axon transport failure, we compared anterograde transport of CTB from the retina to the superior colliculus in control and AOH group. Fig. 1 . Time and spatial dependent neuronal apoptosis in acute ocular hypertension. IOP was increased to 60 mm Hg and kept for 2 h before lowered to normal level. Retinas were harvested from control, 4 h, 6 h, 12 h and 3days after AOH. TUNEL (red or green), a specific marker for apoptosis, was visualized in peripheral (the first line), middle (the second line) and central (the third line) retinal wholemount (A) and cryostat section (B-E). Scale bar = 50 μm for A or 20 μm for B-E. (For interpretation of the references to colour in this figure legend, the reader is referred to the Web version of this article.)
Almost complete CTB labeling of the RGCs-recipient area was observed in superior colliculus from control eyes (Fig. 5A, Fig. 5B ). However, superior colliculus from AOH eyes displayed severe deficits of CTB signal, which reduced 84% compared with control (p < 0.001, Fig. 5C and D). These evidences presented here suggest that neurofilament accumulates in soma because of axon transport failure.
Synapse loss during acute ocular hypertension
Synaptic defect was assessed using two synapse markers, a presynaptic protein synaptic vesicle 2 (SV2) and a postsynaptic protein PSD95. The expression of both decreased significantly after AOH, though the initiation time appeared differently. SV2 did not decrease until 3 days after AOH (0.87 ± 0.14 VS control 1.25 ± 0.18,p = 0.042, Fig. 6A and B) . PSD95, firstly decreased at 6 h (0.20 ± 0.03 VS control 0.28 ± 0.05, p = 0.019, Fig. 6C and D) , and obviously at 12 h after AOH (0.18 ± 0.03 VS control 0.28 ± 0.05, p = 0.005, Fig. 6C and D) . Next, to verify the synaptic protein changes in the western blot, SV2 and PSD-95 were visualized in the sections of AOH using immunofluorescence staining. Six regions, with every three located on each side of the optic disk, were chose for analysis. IF staining showed that both markers were distributed mostly in the inner plexus layer (IPL) and outer plexus layer (OPL) (Fig. 6E, G) . Corresponding to the expression reduction, the average fluorescence density of SV2 in both layers decreased significantly at 3 days after AOH (11.38 ± 2.25 VS control 18.75 ± 2.09, p < 0.001, Fig. 6E and F) . A significant decline of PSD-95 average density was observed at 6 h after AOH, a corresponding time point of protein expression change (12.48 ± 2.10 VS control 22.00 ± 4, p < 0.001, Fig. 6G and H) . Thus, based on the changes of both pre-and post-synaptic protein, 
Discussion
The data presented here suggests a comprehensive evaluation of soma, axon and synapse changes in an acute ocular hypertension glaucoma model. Elevated IOP resulted in retinal neural soma loss spreading from GCL to INL and ONL, where RGCs, amacrine cells and cone photoreceptor cells were all affected. At the same time, axon degeneration and somatic neurofilament accumulation progressing from peripheral to central retina were displayed. In addition to these, synapse loss including presynaptic and postsynaptic decline occurred spontaneously. All these data together provide a concept that not only RGCs apoptosis, neural soma, axon and synapse damage should be taken into account as the equally important components for evaluation in glaucoma.
Elevated IOP is accepted as a major risk factor for damage of retinal ganglion cells which causes irreversible blindness in glaucoma. The level and duration of ocular hypertension in glaucoma occurs across a quit wide range of spectrum. In acute primary angle closed glaucoma (APACG) and the acute secondary glaucoma, where IOP rises are characteristically rapid and severe (always more than 50 mmHg), so patients of APACG often suffer several hours of severe ocular hypertension (Sun et al., 2017) . However, how raised IOP exerts damage in retina still remains further study. So to clarify the mechanism of IOP related glaucoma changes, acute ocular hypertension animal model has been set to mimic APACG (Radius and Anderson, 1980) . However, because of a high level of IOP (often 110 mmHg), this model is often used as an ischemic/reperfusion model (Morrison et al., 2005) . Moreover, retinal vascular perfusion studies from a determined level of elevated IOP (50-60 mmHg) in AOH have shown an autoregulation and recovery of retinal blood vessel perfusion (Fortune et al., 2011; Schmidl et al., 2011) . So in our study, we adjusted the IOP to 60 mmHg, which was more consistent to clinical sign. However, given the high energy requirement for RGCs and other neurons, it is still difficult to rule out the possibility of retinal ischemia during AOH (Yu et al., 2013) .
RGCs have been considered as the primary target of damage in glaucoma, the concept"primary"means that elevated IOP exerts damage on RGCs directly and the initial site of damage in glaucoma is RGCs. However, a growing number of evidences raise a view that the initially damaged RGCs may produce a chain of events that leads to damage to surrounding tissues, which is termed secondary degeneration. RGCs are specialized projection neurons that relay visual information from retina to brain through their thin and long axons; Because of these characteristic, RGCs are the most vulnerable neural cells in glaucoma (Yu et al., 2013) . Indeed, a large number of evidences have revealed early molecular events and morphological changes involved in the soma degeneration of RGCs in glaucoma (Anholt and Carbone, 2013; Nickells, 2012; Soto et al., 2008; Williams et al., 2017) . However, a particular emphasis on RGCs would underscore the importance of other retinal cells may also be susceptible as primary targets in parallel to RGCs or, more likely, suffer secondary degeneration once RGC pathogenesis begins. Current studies from various glaucoma animal models (Ortin-Martinez et al., 2015; Pelzel HR et al., 2006) and clinical glaucoma patients (Choi SS et al., 2011; Nork et al., 2000) already reveal a loss or swelling of cone photoreceptor cells. Moreover, retinal interneurons loss of INL has been observed in DBA/2J mice (Moon et al., 2005) . More importantly, neural changes in other retina layers appear to be spatially correlated with the extent of RGCs degeneration. These evidences support an evolution of the concept of glaucomatous damage and the possibility of secondary degeneration in other neurons. Here, in our studies, we observed a progressive peripheral to central retinal neuronal apoptosis that was induced in the main retinal cell types of three layers. Our current finding about somatic degeneration is distinct in two aspects: a detailed timeline of apoptosis and the identification of apoptosis of amacrine cells and cone photoreceptors. By checking apoptosis at certain time points, a succession of events was recorded. Besides RGCs apoptosis at an early time point, amacrine cells and cone photoreceptors defect happened later, which was presumed as secondary events. Since the mechanism of secondary degeneration and methods for distinguishing primary and secondary degeneration still remain unresolved, a time/spatial dependent analysis plays an important role for interpreting our results. After the time point of RGCs apoptosis, a chain of events including amacrine cells and cone photoreceptors loss, especially synaptic defect in INL and ONL closely followed in our results. Actually, based on current view of secondary degeneration, it is tempting to propose that apoptosis in RGCs may lead to a tans-synaptic loss of retinal bipolar cells and photoreceptors loss in retrograde progression (Calkins, 2012) . So given the phenomena in our study, it is suggested that primary degeneration of RGCs induced by ocular hypertension results in a tans-synaptic secondary degeneration of amacrine cells and cone photoreceptors. However, it is still remained unknown whether other retinal cells are also primary target since more special methods used for tracing changes in different cells are required.
Previous studies have demonstrated that RGCs axon dysfunction and degeneration precede cell body loss (Burgoyne et al., 2005; Fortune et al., 2011; Kang et al., 2014) . Our data demonstrated that apparent axon degeneration occurred at the same time as soma apoptosis, and axon loss developed from peripheral to central retina as time went on. Most importantly, axon loss was accompanied by obvious somatic neurofilament accumulation. Neurofilament is firstly generated in the cell body and then transported to axon (Black et al., 1986 ; Wang et al., . The accumulation of them in soma indicates that axon transport in soma is blocked. Actually, former studies in AOH had concluded that optic nerve head was the site of axonal transport failure and cytoskeleton accumulation (Chandrakumar Balaratnasingam et al., 2007) . The data presented here provided an alternative fact that peripheral retina somatic cytoskeleton accumulation also occurred early. Meanwhile, a close time/spatial correlation of morphological and functional changes in soma and axon suggests that each component may initiate self-destruct events that are spatially compartmentalized, and should be valued equally in glaucoma.
Visual signal communication relies on the integrity of somas, nerve fibers and synapses. However, despite being a vital component of neuron, synaptic changes in glaucoma have always been ignored. Recently, synapse defects have been observed as an early event in various neurodegeneration diseases (Liu et al., 2011) . From a few studies in glaucoma animal models, synaptic alterations were regard as events secondary to RGCs death and the conclusions of them still remained controversial (Fernandez-Sanchez et al., 2014; Park et al., 2014 ). However, current functional studies in DBA/2J (Bayer et al., 2001 ) and an AOH model (Tan et al., 2017) reveal early electroretinogram (ERG) amplitude reduction, which stimulates us to explore more comprehensive changes of synaptic system in glaucoma. Synapses in retinal inner plexiform layer (IPL) and outer plexiform layer (OPL) form a complex network, which renders a close connection between RGCs and other neurons including retinal interneurons and photoreceptors. A comprehensive analysis of synaptic changes in our study indicated that postsynaptic protein PSD95 in both plexiform layers decreased at an early time point corresponding to RGCs apoptosis. Our evidence raises a possibility that besides RGCs loss synaptic dysfunction may also contribute to the visual field defect in glaucoma.
Throughout the evidences in our study, a detailed timeline of neuronal compartments degeneration events are exhibited, which are induced by ocular hypertension. RGCs apoptosis are still considered as a central node in this network, events occurring parallel to this node will be defined as primary degeneration, otherwise, are termed as secondary insult. Here, in our study, neuronal compartments including RGCs soma, axon in the peripheral retina and synapse initiate primary selfdestruct programme at the same time. However, it does not means that those early events are completely independent of each other, since axon transport dysfunction resulting in a synchronous somatic neurofilament accumulation and a close time/spatial correlation between soma and axon loss. Retinal interneurons and cone photoreceptors death are suggested as secondary insult through a tans-synaptic damage mechanism. However, it is specially noted here that elevated IOP will also lead to a hypoxia condition in the retina (Kur et al., 2012; Yu et al., 2013) , so it is difficult to rule out the possibility that hypoxia will also play a role in the cascade of pathological events. But we still think elevated IOP plays a primary role in the progression of neuronal component degeneration in our study and retinal hypoxia is just one of following events, since the IOP-related biomechanical stress and strain will be exerted on the whole retina including neurons and blood vessel (Burgoyne et al., 2005) .
While the treatment and interventions nowadays cannot entirely prevent progression of glaucoma, a better evaluation and understanding of glaucoma should be established. The combination of three parameters including synapse, soma and axon gives a complete Fig. 6 . Synapse loss is detected spontaneously. (A, B) SV2, a presynaptic protein, was analyzed in retinal lysate at certain time point induced by AOH, SV2 consisted of three subunits SV2A (95 kDa), SV2B (87 kDa) and SV2C (105 kDa). The amount of protein was normalized to internal control, n = 6 for each group, *p < 0.05. (C, D) PSD-95 was used as postsynaptic protein. The amount of PSD-95 was normalized to internal control, n = 6 for each group, *p < 0.05, ***p < 0.001. (E) Immunofluorescence staining of SV2 in the control and AOH retina (3 days after AOH), the images were obtained and analyzed under the same parameter. (F) Average density of SV2 in both IPL and OPL was measured at control, 6 h, 12 h and 3 days after AOH. n = 5 for each group, ***p < 0.001. (G) The distribution and changes of PSD-95 in control and AOH group (6 h after AOH), PSD-95 fluorescence intensity was also analyzed under the same parameter. (H) Average density of PSD-95 was calculated at the time point mentioned above. n = 5 for each group, ***p < 0.001. Data was presented as mean ± SD. Scale bar = 20 μm.
description of what occur in an acute ocular hypertension model. What we had found may also facilitate a better evaluation of neuroprotection strategies in glaucoma.
